For people with hearing difficulties, following a conversation in a noisy environment requires substantial cognitive processing, which is often perceived as effortful. Recent studies with normal hearing (NH) listeners showed that the pupil dilation response, a measure of cognitive processing load, is affected by 'attention related' processes. How these processes affect the pupil dilation response for hearing impaired (HI) listeners remains unknown. Therefore, the current study investigated the effect of auditory attention on various pupil response parameters for 15 NH adults (median age 51 yrs.) and 15 adults with mild to moderate sensorineural hearing loss (median age 52 yrs.). Both groups listened to two different sentences presented simultaneously, one to each ear and partially masked by stationary noise. Participants had to repeat either both sentences or only one, for which they had to divide or focus attention, respectively. When repeating one sentence, the target sentence location (left or right) was either randomized or blocked across trials, which in the latter case allowed for a better spatial focus of attention. The speech-to-noise ratio was adjusted to yield about 50% sentences correct for each task and condition. NH participants had lower ('better') speech reception thresholds (SRT) than HI participants. The pupil measures showed no between-group effects, with the exception of a shorter peak latency for HI participants, which indicated a shorter processing time. Both groups showed higher SRTs and a larger pupil dilation response when two sentences were processed instead of one. Additionally, SRTs were higher and dilation responses were larger for both groups when the target location was randomized instead of fixed. We conclude that although HI participants could cope with less noise than the NH group, their ability to focus attention on a single talker, thereby improving SRTs and lowering cognitive processing load, was preserved. Shorter peak latencies could indicate that HI listeners adapt their listening strategy by not processing some information, which reduces processing time and thereby listening effort.
Introduction
Hearing loss can result in a degraded representation of the auditory scene, which makes it harder to differentiate target speech from competing sounds (Shinn-Cunningham and Best, 2008) . By making more auditory information available through acoustic amplification (e.g. by using hearing aids), listening in complex situations may become easier. For instance, benefits of bilateral over unilateral hearing aid fittings have been shown for listening conditions that require spatial auditory attention (Noble and Gatehouse, 2009) . Conversely, more auditory input leads to the necessity to process more information, which results in higher levels of listening effort, especially when there is uncertainty about the location of the speaker (Koelewijn et al., 2015 (Koelewijn et al., , 2014a . One question is: how do audible binaural spatial cues affect listening effort during speech processing by people with sensorineural hearing loss?
Listening effort has recently been defined as 'the deliberate allocation of mental resources to overcome obstacles in goal pursuit when listening' (Pichora-Fuller et al., 2016) . Based on the attention model of Kahneman (1973) and a recent modified version of it called the Framework for Understanding Effortful Listening (FUEL, Pichora-Fuller et al., 2016) , one can argue that attention, manipulated for instance by means of task instructions, can affect the allocation of cognitive resources and thereby performance. The availability of these resources is linked to levels of arousal of an individual. These levels of arousal can be measured as autonomic responses by means of pupillometry.
Recent studies (Koelewijn et al., 2015 (Koelewijn et al., , 2014a showed an effect of divided attention on the pupil dilation response for young normal hearing adults during processing of speech in noise. Consistent with FUEL it was shown that when participants were instructed to repeat two streams of masked speech instead of one, their performance dropped and their evoked pupil dilation response became larger (Koelewijn et al., 2014a) . This is consistent with the idea that allocation of more resources (higher load) leads to larger pupil dilation (Just et al., 2003; Kahneman and Beatty, 1966) . These pupillometry studies (Koelewijn et al., 2015 (Koelewijn et al., , 2014a were based on a design of Best et al. (2010) , who showed that when normal hearing (NH) and hearing impaired (HI) participants were presented with two sentences in noise, one to each ear, performance dropped when both sentences had to be repeated instead of one. Apart from requiring a more favorable signal to noise ratio (SNR) than for the NH participants, the HI listeners' performance, when repeating one or two sentence over a range of fixed SNRs, was strikingly similar to that of the NH group.
Previous research (Kidd et al., 2005; Kitterick et al., 2010) showed that knowing where to listen has a positive effect on speech perception performance. Knowing where to listen also seems to reduce listening effort. When the location of the target speech was known, NH participant's pupil dilation response was significantly smaller than when the location was uncertain (Koelewijn et al., 2015) . However, sensorineural hearing loss is known to affect binaural hearing (Moore, 1996) by affecting the ability to detect interaural time differences (ITD) and interaural level differences (ILD), both strong cues in spatial hearing in the horizontal plane. Additionally, binaural hearing is more strongly affected in people with an asymmetrical than with symmetrical loss, as is shown in studies using the Speech hearing, Spatial hearing and Qualities of hearing (SSQ) questionnaire (Gatehouse and Akeroyd, 2006; Noble and Gatehouse, 2004) . Considering that sensorineural hearing loss has been shown to affect spatial hearing, it might also affect listening effort in spatially uncertain listening conditions. The current study uses the pupil response to speech-in-noise processing as an objective measure of listening effort. During processing of an auditory event, both the mean pupil dilation (MPD) and peak pupil dilation (PPD) are known to be sensitive indices of cognitive processing load (listening effort). Peak latency, the time from stimulus onset to PPD (Zekveld et al., 2011) , is an indicator of the speed of cognitive processing (e.g., Hy€ on€ a et al., 1995) . Hence, a shorter latency may indicate faster cognitive processing. Peak latency is also affected by the amount of processed information (Koelewijn et al., 2015) , with less information leading to shorter latencies. Additionally, the baseline pupil size prior to the pupil response provides information about an individual's anticipation of resource allocation for the task at hand (e.g., Aston-Jones and Cohen, 2005) .
Effects of divided attention on the pupil dilation response and thereby listening effort have been found for young normally hearing adults during processing of speech in noise (Koelewijn et al., 2014a) . It is not known, however, how attentional processes affect the pupil response of HI listeners. The aim of the current study was to explore how spatial manipulations of auditory attention would affect listening effort for adults with hearing loss. The question addressed was whether people with symmetrical mild to moderate hearing loss are able to effectively use spatial auditory cues to enhance speech perception and to lower their listening effort. More specifically, does dividing attention over two talkers instead of focusing on one and knowing the location of the target speech have an effect on performance and the pupil responses for HI participants? We additionally aimed to compare these findings with those obtained for NH listeners.
The PPD previously observed for NH listeners (Koelewijn et al., 2015 (Koelewijn et al., , 2014a was closely tied to the amount of attentional resources required and how effectively these could be deployed during speech processing in adverse listening conditions. Based on previous research we hypothesized that the HI group would require an overall increase in SNRs compared to the NH group (e.g., Festen and Plomp, 1990) to reach the same level of intelligibility in all listening conditions. Consistent with Best et al. (2010) , it was hypothesized that both groups would require an increase in the SNR on dual-target task compared to the single-target task. Between tasks, consistent with previous results for NH participants (Koelewijn et al., 2015 (Koelewijn et al., , 2014a , we expected both the NH and HI participants to show a larger PPD in the dual-target task than in the single-target task because of increased processing demands (Pichora-Fuller et al., 2016) . Additionally, it was hypothesized that focusing attention on a location would enable listeners to filter out irrelevant information, which in turn would reduce processing load. This should lead to a smaller PPD and a decrease in SNR, as shown previously (Koelewijn et al., 2015) . Finally, given that spatial hearing is affected by mild to moderate sensorineural hearing loss, it was hypothesized that, a difference between the HI and the NH group in the effect of location uncertainty (on SNR and PPD) would be observed.
Methods

Participants
Fifteen NH adults (2 males, 13 females, age between 33 and 66 yrs., median age 51 yrs.) and fifteen HI adults (4 males, 11 females, age between 34 and 72 yrs., median age 52 yrs.), recruited at the VU University Medical Centre, participated in the study. The sample size of this study was based on the outcomes of two previous studies (Koelewijn et al., 2015 (Koelewijn et al., , 2014a . NH was defined as pure-tone thresholds less than or equal to 20 dB HL over the octave frequencies 0.25e4 kHz. A single 25 dB HL dip at one of these frequencies in one ear was allowed. NH participant's pure-tone hearing thresholds averaged over both ears and over the octave frequencies 1e4 kHz (three-frequency pure-tone average), ranged from 1.7 to 13.3 dB (dB) hearing level (HL) (mean ¼ 8.1 dB HL, standard deviation (SD) ¼ 3.3 dB). HI participants had a threefrequency pure-tone average, averaged over the two ears, ranging from 30.8 to 62.5 dB HL (mean ¼ 47.2 dB HL, SD ¼ 9.6 dB). The differences between the three-frequency pure-tone average of the better and poorer ears for the HI participants ranged from 0 to 5 dB, so all had symmetrical hearing loss. Mean audiograms for the better and poorer ears for both groups are shown in Fig. 1 . All participants in the HI group had an air-bone gap less than or equal to 10 dB, in one (the better) ear at 1 and 2 kHz, indicating sensorineural hearing loss. Participants in both groups had no history of neurological diseases and reported normal or corrected-to-normal vision. They were native Dutch speakers and provided written informed consent in accordance with the Ethics Committee of the VU University Medical Center, Amsterdam.
Tasks and materials
Participants were presented with two different everyday Dutch sentences (Versfeld et al., 2000) , one to each ear, simultaneously via headphones. An example sentence is 'Hij maakte de brief snel open', which means 'He quickly opened the letter'. One sentence was spoken by a female talker (S1) and the other by a male talker (S2). Each sentence was masked by stationary noise (see below), which was independent at the two ears. In total, there were five conditions (see Table 1 ), subdivided into three 'single-target' conditions, one 'dual-target' condition, and one 'control' condition. In the single-target conditions, participants were asked to repeat S1 and ignore S2. In the first single-target task condition S1 was always presented to the left ear and in the second single-target condition, S1 was always presented to the right ear. In the third condition S1 was presented randomly to the left or right ear. In these conditions participants were told whether S1 would be presented to the same ear or at random to the left or right ear. The location fixed (left and right ear) and random conditions in the single-target task were included to assess the effect of location uncertainty. In the 'dual-target' condition, participants were asked to repeat S1 first and then S2, and the presentation side of S1 and S2 was randomized between trials. Finally, in the 'control' condition only S1 was presented, randomly to the left or right ear in the presence of speech shaped stationary noise that was uncorrelated at the two ears. Participants had to repeat S1. The dual-target and single-target conditions were included to compare the effects of divided and focused attention. The control condition was included to contrast the single-target condition and in order to investigate the effect of S2 on S1 processing. The five conditions, containing 40 trials each, were presented block-wise and the order was balanced between participants in a Latin square design. Participants were informed about what condition was going to be presented before the start of each block. Whilst performing the listening tasks, listeners did not receive any feedback.
After each condition, participants were asked to give subjective effort, performance, and motivation ratings. The questions were similar to the ones used in previous studies (Koelewijn et al., 2012a; Zekveld et al., 2010) . For the effort rating, participants had to indicate how much effort it took on average to perceive the speech during each condition. This was rated on a visual analog scale from 0 ('no effort') to 10 ('very effortful'). To obtain an indication of how the participants perceived their own performance on the task, they were asked to estimate the percentage of sentences they had perceived correctly. The range was from 0 ('none of the sentences were intelligible') to 10 ('all sentences were intelligible'). Finally, to assess motivation during the course of the test, participants were requested to indicate how often during each condition they had abandoned the listening task because the task was too difficult. The range was from 0 ('this happened for none of the sentences') to 10 ('this happened for all of the sentences'). Prior to analysis the motivation rating was reversed, so that higher ratings reflected higher motivation.
Participants did not wear hearing aids during the listening tasks. Instead, sounds were spectrally shaped, for each participant and each ear individually, based on their pure tone thresholds. Before shaping, the speech level was adjusted to 55 dBA after which sound files were band pass filtered between 0.25 and 4 kHz with slopes of 48 dB/octave and shaped according to the NAL-R amplification rule (Byrne and Dillon, 1986) . Note that this procedure was performed for both HI and NH participants. The long-term average spectra of the sentences spoken by the male talker and the associated stationary noise were matched to that of the female talker. Matching was performed to allow the same masker to be used on both ears while providing the same level of energetic masking. This had as a benefit that participants had no indication of what ear the male or female talker would be presented to based on the 3 s of noise presented prior to the onset of the sentence. Bandpass filtering was performed in Adobe Audition and all other sound manipulations were performed using Matlab. The speech level was always fixed and the masker level was adaptively varied by means of a staircase procedure in order to obtain a speech reception threshold (SRT) corresponding to 50% intelligibility for S1, also in the dual-target task. This allowed comparison of the SRT and the pupil dilation response for the processing of S1 at 50% intelligibility when the task was to either ignore or to process S2. Note that the stimuli were identical in the single-target and dual-target tasks, but different sets of sentences were used and the task instruction differed. After correctly repeating the whole S1 sentence, for which the scoring was strict, the masker level for the following trial was increased by 2 dB at both ears. After an incorrect response, the masker level decreased by 2 dB at both ears. For each condition, the SNR for the first trial started below threshold at À8 dB for the NH group and at À4 dB for the HI group. The first sentence of each condition was repeated, while the masker level was decreased in steps of 2 dB, until the participant correctly repeated S1. This was also the case for the dual-target task, for which performance on S2 did not influence the staircase procedure. S2 performance was scored separately in percentage words correct. Performance and the pupil dilation response for the first five trials were excluded from analysis. The onset of the noise masker was 3 s prior to the onset of both sentences and continued for 3 s after the end of the longer of the two sentences. The mean duration of the sentences was 1.9 s for the female talker (range ¼ 1.3e2.7 s, SD ¼ 0.26 s) and 2.0 s for the male talker (range ¼ 1.3 ¼ 2.9 s, SD ¼ 0.31 s). At the end of each trial, a 0.5-s 1000-Hz prompt tone was presented, after which participants were allowed to respond. Participants responded verbally and their response was scored in real time by the experimenter. Participants were instructed to repeat the whole sentence or as many words as they could recall. SRT scores were used as the performance measure for S1 and proportion of words correct per sentence was used as the performance measure for S2. Prior to the experiment, participants were familiarized with the task by listening and responding to 8 practice trials for each task.
To test for linguistic ability independent of the auditory modality, participants also performed the text reception threshold (ISO 389, 1991) for the better and poorer ears based on the three-frequency pure-tone average (1e4 kHz) of the participants in the NH and HI groups. Error bars show the standard deviations within each group for each ear and frequency. Table 1 Overview of the tasks presented in each block, showing the stimuli presented, the side of presentation, and what target to repeat.
Condition Task
Presentation side Stimuli presented Repeat 1 Single-target fixed (S1 left ear) S1, S2 only S1 2 fixed (S1 right ear) S1, S2 only S1 3
Single-target random S1, S2 only S1 4
Dual-target random S1, S2 S1, then S2 5
Control random S1 S1
Shade shows the fixed location conditions in the Single target task.
(TRT) task (Besser et al., 2012; Zekveld et al., 2007) , which is a visual analog of the speech reception threshold task (Plomp and Mimpen, 1979) . Similar TRT scores for the NH and HI group would indicate that differences in SRT scores were not based on differences in linguistic ability. In the TRT task sentences were visually presented on a computer screen in a red font (lower case Arial, vertical visual angle of 0.48 ) on a white background partially masked by black vertical bars. These bars were evenly distributed across the screen and the width of the bars was varied by means of an adaptive staircase procedure, targeting the percentage of unmasked text required to read 50% of the sentences without any error. Sentences were presented on a screen word-by-word with word-onset timings similar to those for the corresponding recorded SRT sentences. After the onset of the last word the full sentence remained on the screen for 500 ms. Three lists of 13 sentences were presented, of which the first list was for practice purposes and was not included in the analysis. The TRT score was defined by the average percentage of unmasked text in the two remaining tests with the first four sentences of each list excluded. Lower TRT scores indicated better performance.
Apparatus and procedure
During the whole session participants were seated in a soundtreated room. Participants performed the TRT task followed by the speech perception tasks. During the TRT task participants were seated at about 60 cm from the computer screen. During the speech perception tasks participants were seated at approximately 3.5-m distance from a white wall. While listening to the sentences they had to gaze at a dot (diameter 0.47 ) that was located at the participant's eye-height on the horizontal middle of the wall. An overhead light source illuminating the wall was placed at 3.5-m distance from the wall, outside the participants' field of view. The light intensity (lx) was adjusted such that, for each participant, the pupil diameter was around the middle of its dynamic range as measured by examination of the pupil size at 0 lx and 250 lx.
During the speech perception tasks, the pupil diameter of the left eye was measured by an infrared eye-tracker (SMI, 2D VideoOculography, version 4) with a spatial resolution of 33 pixels per centimeter and a 50-Hz sampling rate. Separate audio files (44.1 Hz, 16 bit) for target sentences and maskers were mixed and presented binaurally from a PC by an external soundcard (asus Xonar Essence One) through headphones (Sennheiser, HD 280, 64 U) by a dedicated program (written in Matlab 2012a). After each condition, participants were asked to rate their perceived effort, performance and motivation. The whole test session, including measurement of pure-tone hearing thresholds, near vision acuity, practicing and performing the TRT task, fitting the eye-tracker, and practicing and performing the speech perception tasks with a 15-min break halfway through took 2e2.5 h.
Pupil data analysis
For each participant, the mean and SD of the pupil diameter were calculated for each pupil trace, recorded during each trial. These calculations were performed over a time period of 5.3 s including the baseline period that started 1 s before speech onset. Zero values and diameter values more than 3 SDs smaller than the mean diameter were coded as blinks. Traces in which more than 15% of their duration consisted of blinks were excluded from further analysis (3.1% of all trials). For the remaining traces, blinks were removed by linear interpolation between the fifth sample before and eighth sample after the blinks. A five-point moving average smoothing filter was passed over the de-blinked pupil traces to remove any high-frequency artifacts. A spike detection algorithm was used to detect eye movements on both the x-and ytraces. This algorithm used a 5-sample time window sliding in 1-sample steps, in which the maximum amplitude differences were calculated between all possible time point combinations within the window. The SD was calculated for each x-and y-trace between the start of the baseline and the response prompt. All trials for which the maximum x-or y-amplitude difference exceeded 2 SDs were excluded from analysis (13.8%). All remaining traces were baseline corrected by subtracting the trial's baseline value from the value for each time point within that trace. This baseline value was the mean pupil size within the 1-s period prior to the onset of the sentence (when listening to noise alone). The baseline period is shown by the left and middle dotted vertical lines in both plots in Fig. 3 . Average traces in each condition were calculated separately for each participant. Within the average trace, mean pupil dilation (MPD, mm) was defined as the average pupil dilation relative to baseline within a time window ranging from the start of the sentence to the start of the response prompt, shown by the middle and right dotted vertical lines in both plots in Fig. 3 . Within this same time window, the peak pupil dilation (PPD, mm) was defined as the largest value relative to the baseline. The latency of the PPD (ms) was defined relative to the sentence onset. Finally, for each participant and each condition the average pupil diameter at baseline was calculated.
Statistical analysis
For all dependent variables (SRT, MPD, and PPD), we performed a mixed 2 Â 3 analysis of variance (ANOVA) (task analysis) with 'group' (NH and HI) as between-subject variable and 'task' (control, single-target, and dual-target; all random presentation) as repeated measure within-subject variable. For SRT, all pupil measures, and subjective motivation ratings, Mauchly's test of sphericity was significant. Therefore, for these measures the degrees of freedom were corrected by the Greenhouse-Geisser method. The fixed location condition was included only in the single-target task. Therefore, we performed a separate mixed 2 Â 3 ANOVA (location analysis) with 'group' (NH and HI) as between-subject variable and 'location uncertainty' as repeated measure including the singletarget random, fixed left, and fixed right conditions. For each dependent variable that showed a main effect of location, a planned comparison was performed in the form of two-sided paired-samples t-tests between the single-target conditions 1 and 2 (see Table 1 ) where the location of S1 was fixed on either the left or right ear. This is of importance because lateralized language processing in the brain is known to affect speech perception differently for speech presented to the left or right ear (Kimura, 1967) .
Results
For the TRT task, participants in the NH group showed an average score of 58% (SD ¼ 4.3), while the average score for the HI group was 59% (SD ¼ 3.8), a Levene's Test for Equality of Variances showed no significant difference in variance (p ¼ 0.405) and a twosided independent samples t-test for Equality of Means showed no significant difference in means (p ¼ 0.334) between groups. Average SRTs, pupil measures, and subjective ratings for each group as a function of condition are presented in Table 2 , average SRTs are separately plotted in Fig. 2 , and average pupil traces over participants, for each group and each condition, are plotted in Fig. 3. 
Task effects
The outcomes of the task analyses (conditions 3, 4, and 5) on the SRTs, pupil measures, and subjective ratings are shown in Table 3 . Analysis of the S1 SRTs showed main effects of group and task. The NH participants showed overall lower (better) SRTs (average ¼ 1.7 dB SNR) than the HI participants (average ¼ 4.5 dB SNR) and for both groups the SRTs increased with the complexity of the listening task. Analysis of S2 performance (words correct) in the dual-target condition in the form of a Levene's Test for Equality of Variances showed no significant difference in variance (p ¼ 0.261) and a two-sided independent samples t-test for Equality of Means showed no significant difference in means (p ¼ 0.833) between the NH group (50%, SD ¼ 14) and HI group (49%, SD ¼ 21).
For the pupil measures, both MPD and PPD showed a main effect of task; the MPD and PPD were larger in the dual-target task than in the single-target task. The smallest MPD and PPD values occurred for the control condition where only one sentence was presented. No group effects or interactions were found for either the MPD or PPD. Peak latency showed a between-group effect and a main effect of task. The peak latency was shorter for the HI than for the NH group and the within-group peak latency was shorter for the single-target task than for the dual-target task. Finally, analyses of the pupil baseline showed a main effect of task; the baseline was largest for the dual-target task.
Analyses of self-rated effort showed an effect of task and a significant interaction between group and task. This interaction might be explained by a higher effort rating in the dual-target task for the NH group than for the HI group, while the HI group had relatively higher effort ratings than the NH group in the control and singletarget tasks (see Table 2 ). However, post-hoc analysis using three two-sided heteroscedastic t-tests showed no significant differences between groups for the control (p ¼ 0.14), single-target (p ¼ 0.1), and dual-target (p ¼ 0.15) tasks. For self-rated performance, there was a main effect of task, which was consistent with the SRTs. Analysis of self-rated motivation showed a violation of sphericity (c 2 (2) ¼ 7.785, p ¼ 0.02) and therefore a Greenhouse-Geisser correction was performed. The data showed a main effect of task; motivation for both groups was smaller for the dual-target task than for the single-target task.
Location uncertainty effects
Outcomes of the location analyses (conditions 1, 2, and 3) on the SRTs, pupil measures, and subjective ratings are shown in Table 4 . Analysis of the SRTs showed main effects of group and location uncertainty. NH participants showed better SRTs than the HI participants. Both groups showed lower SRTs when the location was fixed than when it was random. Planned comparison between conditions 1 and 2 showed no effect of laterality (t < 1) between the two single-target fixed conditions. Hence, to give a clear depiction of the location effect on the SRT, conditions 1 and 2 in Fig. 2 are presented as one averaged value.
For the pupil measures, both MPD and PPD showed a main effect of location uncertainty; both MPD and PPD were smaller when the location was fixed than when it was random. No group effects or interactions were found for either the MPD or PPD. Planned comparisons showed no effect of laterality for either the MPD (t < 1) or PPD (t < 1). For a clear depiction of the location effect on the pupil responses, the mean responses of conditions 1 and 2 in Fig. 3 are presented as one average response. Location analysis showed no significant effects for peak latency or pupil baseline.
Analysis of self-rated effort showed a significant interaction between group and location uncertainty. Post-hoc analysis using three two-sided heteroscedastic t-tests showed no significant differences between groups for the fixed left condition (p ¼ 0.75) and the random condition (p ¼ 0.1). However, there was a significant difference between groups for the fixed right condition (p ¼ 0.02) with HI listeners showing higher self-rated effort than NH listeners in the fixed right condition. Analysis of self-rated performance showed no significant effect of location uncertainty. Analysis of self-rated motivation showed a violation of sphericity (c 2 (2) ¼ 9.146, p ¼ 0.01) and therefore a Greenhouse-Geisser correction was performed. After correction, the data showed no effect of location uncertainty on motivation.
Summary
There was an overall effect of group on the SRTs (worse mean SRT for the HI group) and a similar pattern of SRT scores within groups for the different conditions. Both task (control, single-target, and dual-target) and location uncertainty (fixed vs. random) affected peak pupil dilation. Listening to a single-rather than to a dual-target and to a fixed rather than to a random location, both reduced the MPD and PPD for both the NH and HI groups. Interestingly, in the task analysis (Table 3) , HI participants showed a Table 2 Average SRT, pupil measures, and subjective ratings for each group as a function of task/condition. Shade shows the fixed location conditions in the Single target task. Fig. 2 . The SRT for each task/condition, averaged over participants for each group. Error bars indicate the standard error of the mean.
significantly shorter peak latency than the NH participants. Additionally, an interaction was found between group and task for the subjective effort ratings, where the HI listeners seemed to experience less increase of effort with increasing task complexity than the NH group. Finally, an interaction was found between group and location uncertainty for the subjective effort ratings, where HI participants perceived more effort in the fixed-right condition than NH listeners.
Discussion
This study aimed to investigate the effect of attention on SRT and pupil measures for NH and HI participants. This was done by instructing participants to either focus attention on one target sentence or to divide attention over two target sentences, and by manipulating location uncertainty in the single-target task.
Task effects
Consistent with previous research (Best et al., 2010) , both NH and HI participants showed higher (worse) SRTs for dual-target than for single-target performance. The impact of attention on the pupil dilation response did not differ between groups. As predicted by the FUEL model (Pichora-Fuller et al., 2016) , both groups showed larger MPDs and PPDs with increasing task demand, i.e. when processing two sentences simultaneously instead of one. Processing two sentences instead of one also affected participants' Fig. 3 . Pupil responses for each task/condition, averaged over participants within each group. The onset of the sentences was at 0 s. The baseline, calculated as the average pupil diameter over 1 s preceding the start of the sentence, is shown by the dashed horizontal line. The time window over which the mean pupil dilation was computed corresponds to the range between the second and third dotted vertical lines.
Table 3
Outcomes of SRT, pupil measures, and subjective ratings using a mixed 2 Â 3 ANOVA with between-subject variable 'group' (NH and HI) and repeated measure 'task' (control, single-target, and dual-target; all random presentation). 
Table 4
Outcomes of SRT, pupil measures, and subjective ratings using a mixed 2 Â 3 ANOVA with between-subject variable 'group' (NH and HI) and repeated measure 'location' (fixed left, fixed right, and random for the single-target task). 'anticipation' of resource allocation as reflected by the larger pupil baseline in that condition (Aston-Jones and Cohen, 2005) . Peak latency was longest in the dual-target task, indicating that processing two sentences instead of one took more time (Hy€ on€ a et al., 1995) . This suggests that the two target sentences could not be processed fully in parallel or that processing was slower when resources were divided over two streams of incoming information. Consistent with previous studies (Koelewijn et al., 2015 (Koelewijn et al., , 2014a ) the dual-target task was also perceived as more effortful. SRT, MPD, and PPD were all affected by processing interfering information in the contralateral ear as observed when contrasting the single-target task to the control task. This effect of interfering speech on the PPD was observed in previous studies for both NH and HI participants (Koelewijn et al., 2012a (Koelewijn et al., , 2014b . One of these studies (Koelewijn et al., 2012b) showed that the PPD being larger in the condition with an interfering talker masker than in the condition with an energetic masker correlated with working memory capacity. This may suggest that information from the distractor sentence in this study was (partly) processed, using working memory capacity, which may have resulted in additional processing load.
For both groups, task had an effect on subjective performance and motivation ratings. Participants seemed to have noticed their performance drop in the dual-target task. Although the speech-tonoise ratio was adjusted to yield about 50% sentence correct on S1 for each task and condition, the average performance in the dualtarget task was rated based on the performance on both S1 and S2. Because S2 performance was 50% words correct, which translated in this study to around 25% sentences correct, their average performance over S1 and S2 in the dual-target task was indeed less than their performance on S1 in the single-target or control task. This might have affected the participant's motivation in performing the dual-target task, as reflected by the lower subjective ratings.
Location uncertainty effects
An effect of location uncertainty on the SRTs was shown for both groups and is consistent with previous results for NH participants (Kidd et al., 2005; Kitterick et al., 2010) . Moreover, for both groups larger MPDs and PPDs were observed in the single-target random than in the fixed location condition, as previously shown for NH participants (Koelewijn et al., 2015) . These results suggest that knowledge about the location of the target gave both the NH and HI groups an advantage. Note that the actual amount of information needed to be processed in the fixed and random conditions was the same. This might explain why there were no effects on peak latency and baseline. Remarkably, the effect of location uncertainty was not subjectively experienced, something that was also shown in our previous study of NH participants (Koelewijn et al., 2015) .
There was no significant interaction between location uncertainty and group. This suggests that mild to moderate symmetrical hearing loss had no effects on spatial attention other than those found for the NH group. This disagrees with what was hypothesized based on previous research (e.g., Gatehouse and Akeroyd, 2006; Moore, 1996) . It must be noted however that stimuli were presented dichotically over headphones, which provides optimal conditions for spatial separation. Stimuli presented through loudspeakers with closely spaced azimuths might have shown different results. Interestingly, a study by Zekveld et al. (2014) showed that although spatial separation influenced speech recognition performance, it did not influence the pupil dilation response of NH participants, indicating that spatial cues may reflect perceptual processing more than cognitive processing. Importantly, the current results suggest that HI participant's ability to direct spatial attention is not necessarily affected by sensorineural hearing loss in optimal circumstances.
Group effects
Consistent with previous research (e.g., Festen and Plomp, 1990) , SRTs were higher for the HI than for than for the NH participants, despite the use of NAL-R amplification for both groups. For the pupil measures, the task analysis showed a significant group effect of peak latency. Shorter peak latency was observed for the HI than for the NH group, which means that maximum processing was reached faster, a surprising result that has not been reported before. A shorter peak latency may suggest that less information was being processed at a cognitive level (Koelewijn et al., 2015) . It is common to miss or mishear parts of speech during a conversation, and to rely on redundancies in speech to extract the right message. People with hearing loss are especially well accustomed to this process, and might be more comfortable with missing information than listeners with normal hearing. As a benefit, shorter peak latency might reflect that HI participants preserved energy at a cognitive level. Thus, this newly observed latency effect may indicate different strategies for speech processing by HI listeners than by NH listeners. Since in the current study intelligibility levels were fixed, the reduced processing of redundant information did not appear in the results. However, previous research (Ng et al., 2013) suggests that for HI participants processing speech in noise can affect memory processing resulting in decreased recall of sentences that at first instance were recognized fully and correctly. Using such recall tasks in future studies might shed light on the use of such different strategies of listeners and provide valuable information.
No group effects were observed for the MPD or PPD. This might be due to the observed shift in SRTs for the HI compared the NH group. Note that HI participants showed similar pupil responses but in order to reach the required intelligibility levels this occurs at much more favorable SNRs. This tradeoff might explain why the results don't show an increase in the MPD, PPD or self-rated listening effort in HI participants compared to NH participants. A recent study by Ohlenforst et al. (2017) shows that when presenting speech in noise over a wide range of SNRs, for NH and HI participants the maximum PPD occurs at different SNRs but both at around 50% speech intelligibility. These results show that at a fixed SNR, PPDs can differ between NH and HI individuals. Note that these effects are not restricted to the pupil response as an index of listening effort (Wu et al., 2016) .
Group similarities
Observing similar patterns of effects for NH and HI participants when manipulating task difficulty and when other measures of listening effort are used is not uncommon (Wu et al., 2016) . One should keep in mind that in all conditions the SNR was adjusted to yield about 50% correct performance. The results showed that, in order to reach 50% correct, for both NH and HI participants the SNR needed to be increased as the task became more demanding (e.g., dual-target vs. single-target task), and in addition greater listening effort was required, as indicated by increased MPD and PPD. The current results extend our previous observations for young NH adults (Koelewijn et al., 2015 (Koelewijn et al., , 2014a to NH and HI participants with a broader age range.
Finally, in previous studies (Koelewijn et al., 2015 (Koelewijn et al., , 2014a ) using a similar design, performance data were in the form of proportion words correct and the SNR was fixed at À9, À3, and 3 dB. To compare the pupil response of the NH and HI groups at the same performance level, for this study the target intelligibility was fixed at 50% and the SRT (in dB SNR) was the dependent measure. That this did not affect the ability to show effects of divided versus focused attention and location uncertainty.
Summary and conclusions
The results show that the amount of information processed and the uncertainty of the target talker's location affect SRT scores and listening effort for NH and HI individuals in a similar manner. The HI group showed overall higher SRTs than the NH group in our complex listening situations, while there was the absence of a between group effect for the PPDs. This demonstrates that the HI participants had the same levels of listening effort, but at more favorable SNRs than the NH group. Importantly, the results show that listening effort is only partly related to hearing status. Notably, sensorineural hearing loss had no influence on HI participant's ability to focus their attention. One thus can argue that hearing loss causes an overall decrease in performance, but has not necessarily an effect on higher level processes such as attention. Finally, the results for peak latency suggest that HI listeners process less speech information, which reduces their total listening effort.
